ABSTRACT RALSTON, DORIS J. (University of California, Berkeley). Staphylococcal sensitization: specific biological effects of phage K on the bacterial cell wall in lysis-from-without. J. Bacteriol. 85:1185Bacteriol. 85: -1193Bacteriol. 85: . 1963.-Phage K, shown previously to sensitize staphylococcal-wall mucopeptide to the action of a phage-induced enzyme, virolysin, was found to act in a specific manner in that its sensitizing effects were restricted to chemical linkages affected by three staphylococcal lysins. These caused an immediate lysis, whereas egg-white lysozyme, which could also digest the wall mucopeptide, exerted variable effects, even when in the absence of phage it produced some lysis. Evidence was presented that the K1 normal cell autolysin and the K phage virolysin could act synergistically with lysozyme on phage-sensitized cells, and that any effects observed with lysozyme were due to the simultaneous presence of trace amounts of these staphylococcal lysins. None of a series of lysozymelike agents from sea urchins, marine sepunculids, and from rabbit peritoneal histiocytes caused accelerated lysis of phage-sensitized cells, although like lysozyme they showed a slow lysis of phage-free living cells. Other enzymes which did not reduce the turbidity of sensitized cells included agents specific for intracellular components (proteins, lipids, nucleic acids), and enzymes, as decarboxylase, alkaline phosphatase, D-amino oxidase, and hyaluronidase. These results suggested that the main effects of the phage in sensitization were limited to areas of the cell wall involved in protection against the action of the staphylococcal lysins.
.-Phage K, shown previously to sensitize staphylococcal-wall mucopeptide to the action of a phage-induced enzyme, virolysin, was found to act in a specific manner in that its sensitizing effects were restricted to chemical linkages affected by three staphylococcal lysins. These caused an immediate lysis, whereas egg-white lysozyme, which could also digest the wall mucopeptide, exerted variable effects, even when in the absence of phage it produced some lysis. Evidence was presented that the K1 normal cell autolysin and the K phage virolysin could act synergistically with lysozyme on phage-sensitized cells, and that any effects observed with lysozyme were due to the simultaneous presence of trace amounts of these staphylococcal lysins. None of a series of lysozymelike agents from sea urchins, marine sepunculids, and from rabbit peritoneal histiocytes caused accelerated lysis of phage-sensitized cells, although like lysozyme they showed a slow lysis of phage-free living cells. Other enzymes which did not reduce the turbidity of sensitized cells included agents specific for intracellular components (proteins, lipids, nucleic acids), and enzymes, as decarboxylase, alkaline phosphatase, D-amino oxidase, and hyaluronidase. These results suggested that the main effects of the phage in sensitization were limited to areas of the cell wall involved in protection against the action of the staphylococcal lysins.
The polyvalent staphylococcal phage K was shown to induce the formation of a cell wall-dissolving enzyme, virolysin, released upon lysis of infected cells (Ralston et al., 1955) . This lysin was differentiated from a second wall enzyme(s) cell autolysin, present in uninfected cells, on the basis of its host range, pH optimum, and antigenic specificity (Ralston et al., 1955 (Ralston et al., , 1957a .
We have found that the substrate(s) for both lysins is located in the mucopeptide material remaining on the cell walls after extraction with hot 5 % trichloroacetic acid (Park and Hancock, 1960) . This suggested that the lysins might be related to egg-white lysozyme, shown by the work of Salton and Ghuysen (1959) to be a ,3(1-4) N-acetyl glucosaminidase.
Freshly harvested, actively dividing cocci, and cells undergoing phage replication, were extremely resistant to lysis by either lysin. When the K phage was adsorbed to the cells in sufficient quantitites, it caused an immediate damage, described as "sensitization," the cells becoming susceptible to lysis by extracellular amounts of either enzyme. The rate of lysis was a function of both the quantity of phage per cell and the concentration of enzyme. Sensitized cells did not form phage or virolysin and did not divide or undergo lysis, even though they were shown to contain considerable amounts of the normal cell autolytic system (Ralston et al., 1957b) .
In other studies (Ralston et al., 1957b) , we have found that the resistance of the cell surface to virolysin and autolysin was due at least partly to a heat-labile mechanism, living logarithmicphase cells being rendered sensitive by simple heat treatment in saline at 44 C for periods too short to destroy their colony-forming capacity. This suggested that phage K, adsorbed to its specific receptor material, sensitized cells by providing an inhibitor to this heat-labile protective mechanism, the net effect being the exposure of areas (chemical linkages) on the mucopeptide polymer of the wall to enzyme action.
Our interest in the current study has been centered upon the question of the specificity of the phage-sensitization effect with respect to the wall and internal cell components, to determine whether the phage acts generally to prepare sites for several enzymes or affects only specific areas 1185 on September 23, 2017 by guest http://jb.asm.org/ Downloaded from on the cell wall. A study has been made of the action of egg-white lysozyme, a number of lysozymelike agents from a variety of biological sources, and several purified enzymes specific for proteins, lipids, and nucleic acids, all in comparison with virolysin, autolysin, and a third staphylococcal lytic agent obtained from strain 524 (Richmond, 1959) . The results suggest that the phage reaction is quite specific, for lysis of sensitized cells was observed primarly with the three lysins of staphylococcal origin.
MATERIALS AND METHODS
Bacteria. Staphylococcus aureus K1 was cultured on Tryptose phcsphate agar (Difco) at 37 C. A laboratory strain of Mficrococcus lysodeikticus was maintained on Trypticase Soy Agar (BBL). For the preparation of logarithmic-phase K1 cells, an overnight culture was suspended in 20 ml of sterile 0.85% (w/v) saline, and 2-ml amounts (approximately 5 X 109 cocei per ml) were spread on petri plates containing 10 to 20 ml of Tryptose phosphate agar. After 4 hr at 37 C, the cells were chilled to room temperature, harvested, washed in saline at 4 C, and were finally resuspended in appropriate buffer solutions. For heat-killing, saline suspensions were heated at 100 C for 20 min, although 56 C for 1 hr was found equally effective. Test cells of M. lysodeikticus were generally grown for 24 hr at 28 C, and washed and suspended similarly to the K1 cells.
Phage. The K1 phage of Krueger, also referred to as the P1 phage in other publications, was purified as follows. Crude viscous lysates containing 1010 particles per ml were exposed to deoxyribonuclease, ribonuclease, and finally trypsin, at 0.5 j.g/ml at 37 C. Ethylenediaminetetraacetic acid (EDTA) was then added to 0.02% (w/v), and the lysates were distributed in dialysis tubing and concentrated approximately sixfold by surrounding the bags with dry Carbowax 4000 (Soller, 1961) , 30 g/100 ml of lysate. The lysate was centrifuged at 5,000 X g for 20 min, and then the phage was sedimented at 36,000 X g for 1.5 hr. The phage pellets were resuspended in equal volumes of saline containing 0.02 % neutral EDTA, and, after two to three cycles of low-and high-speed centrifugation, they were placed into 0.85% saline and stored at 4 C. The phage recovery was generally 85 to 95%, and the phage was increased 40-to 60-fold to about 5 X 1011/ml. All assays were performed by a plaque count slide technique (Ralston and Baer, 1960) .
Enzymes. General methods for obtaining virolysin and autolysin have been described (Ralston et al., 1955 (Ralston et al., , 1957a (Ralston et al., , 1961b . In these experiments, for virolysin, the medium was adjusted to contain (per liter): Tryptose Phosphate Broth, 60 g; NaCl, 5 g; and Na2HPO4, 2.5 g. All distilled water was purified by additional passage through an ion-exchange column. The K1 cells were inoculated into 250 ml of medium in 500-ml Erlenmeyer flasks at 5 X 108/ml and shaken at 37 C. Phage was added at a cell-phage ratio of 50:1 when the cell count had reached 109/ml. Flasks were removed at lysis, the contents were concentrated about sixfold by exposure to Carbowax, as described for phage K, and centrifuged at high speed to remove phage and cellular debris. Partially purified preparations were obtained by adsorption of enzyme directly onto Super-Cel (Johns-Mansville), 7 g/100 ml of lysate, 2 hr, 4 C, at pH 7.6, a procedure which removed virolysin and left active phage in the supernatant fluid. The enzyme was then eluted from the Super-Cel by treatment with 0.5 volume of 1.0 M phosphate buffer in 50% saturated NaCl (pH 6.3). Material from the second bulk eluate was collected and further concentrated by Carbowax treatment at 4 C. The enzyme was labile and has not yet been highly purified.
Autolysin K1 was prepared as an ammonium sulfate-precipitated fraction dialyzed against distilled water at 4 C, as described previously (Ralson et al., 1961b) . The Richmond 524 enzyme was produced by shake culture of an initial inoculum of 108 cells/ ml in Trypticase Soy Broth for 6 hr at 37 C and subsequent centrifugation of the cell debris at 36,000 X g for 1.5 hr at 4 C. The supernatant material was stored frozen at -20 C. In addition to the lysin, this crude lysate is known to contain bacterial hyaluronidase, which we found can be separated by adsorption on Super-Cel. It is distinct from the lysin and without effect in lysis of phage-sensitized cells.
Marine sepunculid lytic agent, from Phascalosoma agassizi, was removed from the coelomic fluid with a syringe, about 1 to 2 ml from each of six animals, and dialyzed against distilled water for 1 hr at 4C.
Sea anemone lytic agent, from Anthopleura elegantissima, was obtained by placing the or-ganism in an empty glass tube and collecting the mucous secretions spontaneously exuded from the surface, generally about 10 ml/animal. Dialysis of this material caused a loss in lytic activity which could be returned by the addition of 0.0002 M MgCl2 and CaCl2. It was stable to boiling for 5 min at pH 4.8.
Rabbit peritoneal histiocyte lytic agent was prepared from oil-induced exudates as described previously (Ralston, Baer, and Elberg, 1961a) .
The marine sepunculid, sea anemone, and rabbit peritoneal histiocyte agents were lytic for M. lysodeikticus in 0.01 M phosphate buffers containing 0.0002 M MgCl2, when the buffers were prepared in distilled water, but were drastically inhibited by 0.85% saline.
The following purified enzymes were used: eggwhite lysozyme, chymotrypsin, trypsin, deoxyribonuclease, ribonuclease, carboxypeptidase, alkaline phosphatase, pancreatic protease, pepsin, D-amino oxidase (all from Worthington Biochemical Corp., Freehold, N.J.), and lipase (Nutritional Biochemicals Corp., Cleveland, Ohio). They were all dissolved in distilled water at 1,000 ,ug/ml and used immediately without sterilization.
Tests for lytic acitivty. Methods for assay of autolysin and virolysin and for estimating lysisfrom-without have been described (Ralston et al., 1957a, b) , and were adapted as follows for the present tests. For tests of phage-sensitized cells (lysis-from-without), unless otherwise stated, phage was added to 3 X 108/ml of washed cells at a phage-bacterium ratio of 20:1, a concentration sufficient to sensitize 80 to 100% of the cells, dependent upon the particular cell growth. Al 
RESULTS
Effects of staphylococcal lysins. In general in our past tests, living S. aureus K1 cells have proved to be extremely resistant to the S. aureus K1 virolysin and the normal S. aureus autolysin until they were sensitized by phage K, but in recent experiments we have found that our cell preparations often contained varying proportions of "spontaneously sensitized" cells. These cells lysed with the enzymes in the absence of phage. This condition of spontaneous sensitivity arose in an unpredictable fashion, even though the cells were grown and harvested under standardized conditions (a given amount of a standard inoculum of 18-to 24-hr cells, incubated for 4 hr at 37 C on Tryptose phosphate agar, suspended in a known volume of 0.85% saline, washed at 4 C, and resuspended in a given volume of saline). Regardless of the relative degrees of spontaneous sensitization in these preparations, however, we found that phage K brought about an immediate sensitization of the cells, including the lysin-resistant fractions. This sensitization applied to the staphylococcal lysins, virolysin, autolysin, and the Richmond lysin from strain 524. Figure 1 shows a comparison of the action of these lysins on phage-sensitized living S. aureus K1 , on heatkilled S. aureus K1 , and on living .lf. lysodeikticus. Neither phage nor the individual enzymes caused much lysis; but when combined together they brought about a rapid and synergistic lysis. It is to be noted that autolysin and the 524 enzyme of Richmond might be related since they both solubilized M. lysodeikticus, whereas virolysin did not.
Effects of egg-white lysozyme. Lysozyme exhibited the following differences from the staphylococcal lysins. (i) It Symbols: S = sepunculid, 1:10; M = heated monocyte, 1:60; H = hyaluronidase (testicular), 100,ug/ml; L = lysozyme, 1 Aig/ml; V = virolysin, 1:50; AN = sea anemone, 1:10; P = phage, at a phage-bacterium ratio of 20:1. Tests in the three left-hand sets of curves were performed with S. aureus K1 cells. staphylococcal wall which were responsible for sensitivity to lysozyme might be different from those essential for the action of virolysin. Similar effects were also obtained when different cell preparations were tested with sensitizing quantities of phage K. When lysozyme was added to some of these phage-treated cell samples, it caused an accelerated lysis, similar to but less in extent than that produced by virolysin. An example of this effect is shown in Fig. 2 vided into four portions. Lysozyme was added to one, trace amounts of virolysin or autolysin were added to a second, combined lysozyme and trace amounts of virolysin or autolysin were added to a third, and equivalent volumes of appropriate diluent were added to a fourth, which served as a phage-treated, enzyme-free control. A second set of samples from the same cell preparation was tested in the absence of phage. Figure 3 shows that (i) acting alone, none of the enzymes caused much lysis of the phage-free, living cells; (ii) mixed with autolysin, lysozyme acted synergistically to lyse the phage-free cells; i.e., the sum calculated for the individual effects of each enzyme (curve labeled CALC) was far less than the lysis produced by the mixture of autolysin and lysozyme (A + L); (iii) in these studies, virolysin did not act synergistically with lysozyme on the phage-free cell preparation; and (iv) when the same combinations of enzymes were added to phage-sensitized cells, they produced an extensive and rapid lysis. The curves labeled CALC for the phage-sensitized cells represent the sum total of the possible synergies resulting from individual combinations; e.g., with autolysin, (A + P) + (L + P) + (AA + L). cells (Ralston et al., 1961b) . The Synergy between lysozyme and virolysin in the lysis of infected S. aureus K1 cells at the end of the latent period. Phage K was added to cells in Tryptose Phosphate Broth at a phage-cell ratio of 3:1. Lysozyme was added to a final concentration of 1 ,g/ml. The turbidity of the infected cells was recorded and compared with preparations incubated at 37 C in the absence of lysozyme. Figure 4 shows that lysozyme at 1 ,ug/ml was insufficient to cause lysis at the beginning of the latent period, but it accelerated lysis of the cells at the end of the latent period, when the infected cells in the control tube began to lyse. It has been established in previous studies that virolysin is released only upon lysis of infected After a period for adsorption and sensitization, EDTA was added to a concentration of 0.04 M to chelate the magnesium ion, shown previously to be essential for this lysin (Ralston et al., 1957a, b) . The concentration of EDTA used was without effect on the lysis of M. lysodeikticus or of heated K1 cells by the lysozyme. As shown in Fig. 6 , when EDTA was added to the reaction mixture it depressed the rate of lysis of phage-sensitized cells. It also depressed the lysis of phage-free cells. Since EDTA was without effect on lysozyme itself, the results suggested that lysozyme had first released intracellular autolysin from some of the cells and that autolysin in turn had been inhibited by the chelating effects of EDTA. In the absence of active autolysin, then, the lysozyme showed no synergistic lysis of the phage-sensitized cells.
Thus, under conditions wherein virolysin or autolysin was purposely added in trace amounts to the test systems, lysozyme caused an accelerated (synergistic) lysis of the phage-sensitized cells, and, under conditions wherein autolysin was suspected to have been available as a contaminating lysin, agents specific for its inhibition reduced the amount of lysis. These observations provide support for the idea that phage K acts primarily to render specific structures on the staphylococcal wall sensitive to the staphylococcal lysins and that lysozyme-sensitive areas are exposed mainly by a second synergistic action between this enzyme and the staphylococcal lysins. We have not eliminated the possibility, however, that under certain conditions (such as alterations in the configuration of wall components) the phage might allow lysozyme to act in the complete absence of these staphylococcal lysins.
Other lytic agents. In addition to egg-white lysozyme, a variety of other agents which had proven lytic ability for M. lysodeikticus cells (Fig.  2) were tested with phage-sensitized K1 cells. These included a heat-stable agent from a sea anemone, a dialyzed preparation from a marine sepunculid, and a lysin from oil-induced rabbit peritoneal macrophages (monocytes). They were active in buffers dissolved in distilled water and were tested on phage-sensitized cells under conditions optimal for their activity. None of them caused any extensive lysis, although phagetreated cell controls were exceedingly sensitive to virolysin. In one test with a non-trypsin-treated phage preparation, the monocyte extract and the material from the sea anemone all produced an accelerated lysis; the effect, however, was lowered when a contaminating lysin was removed by heat (45 C, 1 hr), suggesting that these materials, like lysozyme, could act synergistically with staphylococcal lysins. ,ug/ml; V = Versene. Buffer described in text.
In view of the recent observation by Janezura, Perkins, and Rogers (1961) were added, and the resultant changes in turbidity were compared with changes effected in phagefree cell controls. For pepsin, the cells were adjusted to pH 4.0. None of the enzymes caused L any significant reduction of turbidity (Table 2) .
It was noted that carboxypeptidase was lytic for S. aureus cells, even in the absence of phage. The action was proably not due to a contamination with a heat-stable lysozyme, since heating destroyed its lytic effects. DISCUSSION The staphylococcal wall is known to contain a mucopeptide polymer of muramic acid and N-acetyl glucosamine and a polymer of ribitol phosphate, teichoic acid. The exact manner in which these two materials are joined to form the meshwork of the wall has not yet been established (Work, 1961) . Lysozyme has been shown to digest 3(1-4) linkages in the mucopeptide structure, releasing fragments of varying sizes from the walls of gram-positive organisms (Salton and Ghuysen, 1959; Perkins, 1960) . Our preliminary studies with virolysin have indicated that it differs from the classical egg-white lysozyme not only in the amounts of solubilized reducing sugars, N-acetyl glucosamines, and ninhydrin-positive substances but also in the relative sizes of the fragments released from S. aureus walls. Also, virolysin does not lyse M. lysodeikticus, so that it appears likely that virolysin and lysozyme act at different sites in the mucopeptide polymer.
This evidence is further substantiated by the present observations that the phage-sensitization reaction results in a decrease in the wall resistance to virolysin and autolysin but not necessarily to lysozyme.
In our studies with S. aureus K1, we have found that extraction of teichoic acid with hot 5% trichloroacetic acid removes phage K adsorption capacity. Most probably, the receptor material resides in the teichoic acid moiety, or at least is not present in the mucopeptide residue, the substrate for virolysin and autolysin.
We have found that older cells are highly resistant to virolysin and difficult to sensitize with phage, but when teichoic acid has been extracted with 5% hot trichloroacetic acid the cells become extremely sensitive to virolysin, so that part of the cell resistance might result from the presence of teichoic acid. It is conceivable, therefore, that phage exerts a quantitative action on the synthesis, configuration, or bonding of this material to the wall, perhaps mediating a dissociation of teichoic acid from mucopeptide at the sites which confer resistance to virolysin and autolysin. Since trace amounts of autolysin and virolysin have rendered sensitized cells enormously sensitive to lysozyme, it would be logical to suspect that the wall is so constructed that lysozymesensitive areas are covered by virolysin-autolysin sites. Therefore, once phage has opened virolysinautolysin sites, these lysins act as a primer to disengage lysozyme-protective areas from the walls, in turn allowing lysozyme to act, and causing the cocci to fall apart simultaneously at several loci.
In conclusion, one biological function of phage K consists in a specific damage to the wall immediately subsequent to its adsorption, affecting primarily sites for virolysin and autolysin. We have conceived of this as the first step in the process of the well-known lysis-from-without (Ralson et al., 1957b) . The reaction is of general interest not only because of its probable involvement in the release of virus but because it also provides us with a tool and starting point for understanding more about the relationship between the biochemical function of receptor material in cellular growth and the damage which contributes to the pathology of virus infection.
